This article presents a highly efficient hard disk drive ͑HDD͒ spindle motor with a passive magnetic thrust bearing and a hydrodynamic journal bearing. It eliminates the mechanical friction loss of a thrust bearing which is around 14% of total power consumption of a 3.5 in. HDD spindle motor, by replacing a conventional hydrodynamic thrust bearing with a passive magnetic thrust bearing. The passive magnetic thrust bearing using permanent magnets is inherently unstable in radial direction. However, the radial hydrodynamic force of the hydrodynamic journal bearing counterbalances the radial magnetic force of magnetic thrust bearing to achieve the stability as the motor spins up. Numerical analysis is performed to verify feasibility of the proposed system.
I. INTRODUCTION
A hard disk drive ͑HDD͒ spindle motor requires high efficiency and robust dynamics in high operating speed. A hydrodynamic bearing, which is composed of hydrodynamic journal and thrust bearing, is widely used for this application due to its excellent dynamic characteristics. However, its drawback is the mechanical friction loss which increases drastically in high speed. Figure 1 shows the power consumption of a 3.5 in. HDD spindle motor. It shows that the mechanical friction loss of the hydrodynamic bearing is around 33% of total power consumption. Reduction of mechanical friction loss is a key technology to develop a HDD spindle motor with high speed.
A magnetic bearing may be an ideal candidate for this application, because it has zero friction loss theoretically. However, magnetic bearing itself is inherently unstable as proven by Earnshaw, 1 without using superconducting material 2 or active control. 3 Those technologies are not suitable to apply to a HDD spindle motor because they need additional devices such as cooling system or control driver.
This article introduces a highly efficient HDD spindle motor with a magnetic thrust bearing and a hydrodynamic journal bearing which achieves high efficiency and robust dynamics in high operating speed.
II. DESIGN AND ANALYSIS
Two major design considerations in developing a HDD spindle motor with a passive magnetic thrust bearing and a hydrodynamic journal bearing are the load capacity enough to levitate the rotating parts of the HDD spindle and the stability between the rotating and the stationary parts. Figure  2 shows the structure of a HDD spindle motor with a passive magnetic thrust bearing and a hydrodynamic journal bearing to improve the demerit of the conventional motor. The magnetic thrust bearing plays a role in levitating the rotating parts, and the hydrodynamic journal bearing not only supports the rotating part in radial direction but also counterbalances the radial magnetic force to achieve the stability. The magnetic thrust bearing consists of two stationary permanent magnets ͑PMs͒ in upper and lower sleeves and a rotating PM in shaft. The rotating PM is magnetized in positive axial direction and the stationary PMs are magnetized in negative axial direction so that the rotating part is levitated by repulsive magnetic force. Stainless steel is used for sleeves and shaft due to its good manufacturability. Ferritic stainless steel is used for the sleeve because it has high permeability to reduce reluctance. The rotating PM is inserted in a steel ring to reduce reluctance and to prevent the fracture of the PM. Nonmagnetic stainless steel is selected for the shaft to prevent the sticking problem due to the attractive magnetic force between the shaft and sleeve. The hydrodynamic journal bearing consists of upper and lower journal bearing. Each journal bearing has conventional herringbone grooves in the sleeve. Table I shows the major design specifications of the bearing parameters.
Magnetic field, which is governed by the Maxwell equation, is analyzed by using a finite element analysis program, netic force due to radial offset of the magnetic thrust bearing. Virtual work is used to calculate the magnetic force. Figure 3 shows a three-dimensional model of the bearing and its magnetic flux distribution. Tetrahedron element with four nodes is used and the total number of elements is 97 561. This research calculates the axial and radial magnetic force due to the axial and radial offset of magnetic thrust bearing.
Pressure and flow in the hydrodynamic journal bearing is determined by the following Reynolds equation:
where h , p , , and R are the film thickness, the pressure developed in the lubricant film, the viscosity of lubricant, and the radius of journal, respectively. The Reynolds equation is solved by using the finite element method to calculate the pressure distribution due to the change of rotational speed and eccentricity ratio. 5 Eccentricity ratio is defined as the ratio of radial displacement to journal clearance. Hydrodynamic bearing force is determined by integrating the pressure along the bearing area. Rectangular element with four nodes is used and the total number of elements of upper and lower journal bearings is 1280. Figure 4 shows a finite element model of upper journal bearing and its pressure distribution at the rotational speed of 15 000 rpm and the eccentricity ratio of 0.1.
III. RESULT AND DISCUSSION
Axial magnetic force of the magnetic thrust bearing due to the change of axial displacement is calculated as shown in Radial magnetic force of the thrust bearing and radial hydrodynamic force of the journal bearing due to the change of rotational speed and eccentricity ratio are calculated as shown in Fig. 6 . Clearance of hydrodynamic journal bearing is 2.8 µm. Hydrodynamic force is in inward radial direction and magnetic force is in outward radial direction. Since the hydrodynamic journal bearing produces no reaction force at 0 rpm, the shaft is almost in contact with the sleeve by the radial magnetic force of the magnetic thrust bearing. In the stationary state, eccentricity ratio of hydrodynamic journal bearing is assumed to be 0.99 because the shaft cannot be completely in contact with the sleeve due to the lubricant. The simulated result shows that the hydrodynamic force becomes larger than magnetic force before the rotational speed of the motor reaches 1 rpm. Therefore, the rotor moves to the center very quickly once the motor spins up, which ensures the stability of the proposed motor.
Magnetic loss in a ferromagnetic material consists of hysteresis loss, eddy current loss, and excess loss, and all the three losses are dependent on flux variation. 6 When the bearing is in transient state, the PMs in the bearing are misaligned and it has magnetic loss due to flux variation. However, when the rotor rotates with constant speed at steady state, PMs in the bearing are perfectly aligned so that the flux variation is almost negligible in the bearing. Consequently, the proposed magnetic thrust bearing has zero magnetic loss at steady state. The motor efficiency is expected to increase by 7% which corresponds to the reduction of the friction loss of the hydrodynamic thrust bearing in a conventional HDD spindle motor.
IV. CONCLUSION
The proposed motor has high efficiency by eliminating the mechanical friction loss of the thrust bearing. Efficiency of the proposed motor is expected to be 7% higher than the conventional motor with efficiency of 45%. Feasibility of the proposed motor is verified by numerical analysis. The axial magnetic force of the thrust bearing is large enough to levitate the rotating parts of a HDD spindle motor including a 3.5 in. disk. Radial hydrodynamic force of the journal bearing is also large enough to achieve stability in radial direction as well as in axial direction.
